Many species of Trichoderma have attracted interest as agents for the biological control of soil borne fungal pathogens of a range of crop plants. Research on the biochemical mechanisms associated with this application has focused on the ability of these fungi to produce enzymes which lyse fungal cell walls, and antifungal antibiotics. An important group of the latter are the non-ribosomal peptides called peptaibols. In this study Trichoderma asperellum, a strain used in biological control in Malaysia, was found to produce the peptaibol, trichotoxin. This type of peptide molecule is synthesised by a peptide synthetase (PES) enzyme template encoded by a peptide synthetase (pes) gene. Using nucleotide sequences amplified from adenylation (A-) domains as probes, to hybridise against a k FIX Ò II genomic library from T. asperellum, 25 clones were recovered. These were subsequently identified as representative of four groups based on their encoding properties for specific amino acid incorporation modules in a PES. This was based on analysis of their amino acid sequences which showed up to 86% identity to other PESs including TEX 1.
Introduction
Non-ribosomal peptide metabolites are synthesised on multifunctional enzyme templates, the peptide synthetases, via a thiotemplate mechanism. Many of these metabolites have proved to be useful as pharmaceutical products (e.g., penicillins, cephalosporins, cyclosporins and echinocandins) as well as a part of the armoury of biological control agents such as Trichoderma (e.g., peptaibols). The strain used in this research was originally described as Trichoderma harzianum and was obtained from the collection of Dr. F. Abdullah of the Universiti Putra Malaysia. Subsequently, it was re-identified as Trichoderma asperellum by Kubicek et al. of TU-Wien [1] . This species was first described in 1999 [2] and has since been proposed as an effective biocontrol agent for many fungal pathogens of plants [3, 4] .
Related research, to that described in this paper, has shown that T. asperellum produces the peptaibol, trichotoxin superfamily (Chutrakul et al., pers. commun.). To date no other peptaibol metabolites have been reported in this species. The peptide synthetase template is comprised of semiautonomous modules that determine the number and organisation of the primary peptide product. Each module can be partitioned into three repetitive domains, C-, A-, T-which can also be identified in the peptide synthetase (pes) gene [5] .
For the purpose of cloning pes genes, the A-domain is the most significant because it includes five conserved core motifs. Thus, these conserved amino acid sequences have proved useful in the design of degenerate PCR primers. Another important feature of these core regions concerns the encoding of an active binding site, also known as the binding pocket, on the PES enzyme for the ATP dependent amino acid binding [6] .
The first putative peptaibol synthetase gene (tex1), 2.3 MDa, was described from Trichoderma virens [7] . The template derived from this gene has been claimed to produce several forms of a specific peptaibol, TVB I, II and IV. The diversity of these molecules is reflected in number of amino acid residues being 11, 14 and 18, respectively. The tex1 gene, is a single complex gene, comprising a 62.8 kb continuous open reading frame and corresponding to a modular structure for the incorporation of 18 amino acid residues, and N-, C-termini for the modification of peptide product. This is the largest known pes gene that has been cloned and the peptaibol-pes-tex1 gene relationship was proven by the lack of peptaibol production when the gene was disrupted [7] . They confirmed that the N-and C-terminal domains of the enzyme are necessary for acetylation and reduction as corresponding to peptaibol products. In addition, the number of gene modules is equal to the number of amino acids in the longest peptide chain. A previous report of the partial clone of the psy1 gene from the same fungus was subsequently shown to be part of the peptaibol synthetase gene tex1 [8] . Several other pes genes from fungi have been reported [9] [10] [11] . However, these studies have a different focus and do not relate significantly to the work described here.
There are many reports describing the construction of genomic and cDNA libraries of Trichoderma spp. [12] [13] [14] [15] . In this work, part of a pes gene of T. asperellum was isolated from a k genomic DNA library. Based on the T. virens pes gene data (63 kb), a similar size range of the gene in T. asperellum was estimated. Lambda phage vectors such as k EMBL and k FIX Ò II are used for cloning DNA inserts up to 23 kb [16] . The benefit of this vector is such that the genome of a fungus may be represented in a relatively smaller library.
The aim of our work was to clone a pes gene from T. asperellum, which has been shown to produce the peptaibol trichotoxin (Chutrakul et al., pers. commun.), using a strategy based on a k library.
Materials and methods
All glassware, plastic ware, chemical reagents and media were sterilised in an autoclave, at 121°C and 15 psi for 15 min, or by filtration through 0.2 lm filter. E. coli strains XL1-Blue MRA (P2) and VCS257 were grown on LB medium and supplemented with 0.2% (w/v) maltose and 10 mM MgSO 4 . When E. coli XL1-Blue MRA (P2) was used for bacteriophage titre determination and amplification, it grew on LB top agar containing 0.7% (w/v) agarose.
Bacterial and fungal strains
Fungal strains were grown on MYG medium containing 5 g l À1 malt extract, 2.5 g l À1 yeast extract, 10 g l À1 glucose, few crystals of CuSO 4 AE 5H 2 O and 20 g l À1 agar.
Extraction of fungal genomic DNA
DNA from mycelial samples was extracted using a method based on the procedures described by Sambrook et al. [17] , and the method sheet published by QIAGEN. The washed mycelium was ground to a powder in liquid N 2 and then extracted in 15 ml DNA extraction buffer (200 mM Tris-HCl pH 8.5, 250 mM NaCl, 25 mM EDTA and 0.5% (v/v) SDS). Protein was precipitated with 10 ml Bio/Phenole (Bio/Gene Limited, UK): chloroform :isoamylalcohol (25:24:1) and removed by centrifugation at 10,000 rpm, 4°C for 20 min. The purified DNA in the upper phase was precipitated with 0.6 volumes of isopropanol and recovered by centrifugation at 10,000 rpm, 4°C for 10 min. The DNA pellet was rinsed twice with 10 ml 70% ethanol and resuspended in 0.5 ml TE pH 8.0 (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) plus 0.2 mg ml À1 RNase A (100 mM Tris-HCl pH 7.5), 15 mM NaCl, 1% (w/v) RNase A (Sigma) and incubated at 37°C for 1 h. Finally, a Maxi-column (TIP500, QIAGEN, Germany) was used to purify soluble DNA following the manufacturerÕs instructions and the DNA pellet was dissolved in 0.5 ml Tris-HCl pH 8.5 and left overnight at 4°C.
Cloning the pes gene
The polymerase chain reaction (PCR) was used to amplify A-domain regions of putative pes genes. Primers were designed based on the GENEJOCKEY II Programme. PEPSYN1, PEPSYN2 and PSC + 6 were designed from the conserved core regions 2, 5 and 6 of the A-domains of known pes genes [7, [18] [19] [20] [21] [22] [23] . PSC-2 was designed from the 3 0 reverse based on DNA of the 5 0 end of pCC001 and synthesised at the Biopolymer Synthesis and Analysis Unit, School of Biomedical Sciences, University of Nottingham.
Amplification reactions of 50 ng genomic DNA template were performed using Red hot taq polymerase from Advanced Biotechnologies, UK according to the manufacturerÕs instructions by adding with 1.5 ll 25 mM MgCl 2 in a total volume of 25 ll. The reaction consisted of: an initial denaturation cycle of 2 min at 94°C, a denaturation cycle of 0.5 min at 94°C, 30 cycles of annealing of 1 min at 55°C, a 1 min extension step at 72°C with further extension for 10 min and finally, a cooling period at 4°C.
The PCR products were purified by gel electrophoresis and recovered using a QIAEX II gel extraction kit following the manufacturerÕs instructions. DNA was eluted in 30 ll EB buffer and cloned into pCR Ò 2.1-TOPO vector (following the instruction supplied by Invitrogen). DNA was extracted from positive clones and prepared for sequencing which was carried out by the Biopolymer Synthesis and Analysis Unit, School of Biomedical Sciences, University of Nottingham. The DNA sequences were translated and aligned by GENE-JOCKEY II.
T. asperellum DNA, extracted using the method of Bowyer [24] , was partially digested with Sau3AI and used to construct a genomic library in k FIX Ò II (Stratagene) according to manufactureÕs instructions. The library was screened with two of the PCR clones (pCC001 and pCC006) to identify positive clones [17] . The recombinant k DNA was extracted using a QIA-GEN k DNA extraction kit. The putative pes clones were characterised by restriction mapping using PCR probes and Southern hybridisation.
Results

The isolation of partial clones of a pes gene by PCR
In an attempt to isolate part(s) of a pes gene from T. asperellum, the DNA sequences of cores 2-5 of the Adomains of pes genes from other microorganisms were aligned to design degenerate primers. This resulted in the synthesis of the 5 0 forward primer PEPSYN1 and the 3 0 reverse primer PEPSYN2 (Fig. 1 ). Fifty nanogram of genomic template was amplified and the PCR products, as shown by electrophoresis (Fig. 2) . The PCR fragments, all in the size range 0.75-0.80 kb, derived from T. asperellum were cloned into pCR Ò 2.1-TOPO vector and designated pCC001 (determinant of proline (Pro)
2 ), pCC003 (determinant of glutamine (Gln) 2 ), pCC004 (amino acid unidentified) and pCC006 (determinant of a-aminoisobutyric acid (Aib) 2 ). This identification was derived by DNA sequence analysis and confirmed that all the fragments were parts of pes gene(s).
Attempts to isolate larger pes gene fragments by Southern hybridisation using a pCC001 probe were unsuccessful as the products obtained were DNA fragments of only 1-1.2 kb (data not shown). As a consequence PCR was used to walk up-and downstream of the original product pCC001 in an attempt to isolate larger portion of the gene. The upstream region was primed with PSC + 6 (5 0 forward based on DNA sequence of core 6) and PSC À 2 (3 0 reverse based on DNA of the 5 0 end of pCC001) with the expectation of recovering a 2 kb fragment (Fig. 1) . However, when the PCR products were separated by electrophoresis, the major product was a smaller fragment of 0.8 kb. This fragment was cloned into the pCR Ò 2.1-TOPO vector kit and three positive clones were detected by colony PCR screening as shown in Fig. 3 (lanes 2-4) . Clone 1 (lane 2), was selected and analysed to determine the DNA sequence. It was found to overlap pCC001 and was designated pCC007. This new sequence was submitted to GenBank with the same accession number.
The nucleotide sequences of all the pes gene fragments have been submitted to GenBank with the following Accession Nos.: AY513580 for an acetylation and A-domain of Aib (module 1); AY513581 for A-domain of Aib (module 12); AF304355 for A-and partial T-domains of Pro (module 13); AY513582 for parts of T-domain of Pro (module13) and C-domain of module 14 (this could be Leu but not confirmed).
Cloning a pes gene from Lambda FIX
Ò II genomic library of T. asperellum
To isolate the whole, or parts, of a pes gene encoding for PES as a template for peptaibol production in T. asperellum, genomic DNA was cloned using the Lambda FIX Ò II library system (Stratagene). Genomic DNA was digested using Sau3AI and the resultant fragments were ligated into the k FIX Ò II vector at a 3:1 molar ratio (DNA:vector). The ligation products were packed, at the efficiency of 5.6 · 10 4 recombinants AE lg DNA À1 , using a Gigapack Ò III Gold Packaging Extract to yield a phage titre of 4.0 · 10 5 pfu AE ml À1 . Fig. 2 . Analysis of a pes gene on T. asperellum. The PCR products were separated in a 0.8% agarose gel running for 2 h at 80 V, and visualised by 0.1 lg ml À1 ethidium bromide. Lane 1 shows 0.2 lg of 1.0 kb DNA ladder as the standard marker (NEB). Lane 2 is the control by without DNA template. Lanes 3 is the PCR products using T. asperellum genomic DNA as a template amplified by PEPSYN1 and PEPSYN2 primers. Isolation of a pes gene from the k genomic pools was achieved using specific pes fragments (from pCC001, pCC006) as probes, by homologous hybridisation. Plaque lift and colony hybridisation was performed in duplicate and probes were labelled with [a-32 P] dCTP. In total, five positive clones were obtained with the pCC001 and 20 with pCC006 fragments. However, only two distinctive fragments were identified for each probe. Finally, these phage clones were verified by PCR using primers already described and all were positive which the result from some of them is shown in Fig. 4 . The size of these four clones ranged from 12-15 kb (A2b1 12 kb, B2a2 14 kb, E16a1.1 13 kb and E18a1.1 15 kb). These clones were selected for further work.
Analysis of the pes clones
The probes used in the cloning of pes gene fragments were known to represent specific modules in a pes gene which encode template regions in the peptide synthetase which are responsible for the incorporation of particular amino acids into the peptaibol molecule.
This enabled an analysis of the clones described above with respect to their potential functionality. XbaI digests of clones A2b1, B2a2, E16a1.1 and E18a1.1 were electrophoresed on agarose gels and hybridised with the pes gene fragments cloned in pCC001, pCC002 (derived from Trichoderma spp. T128 by PCR using PEPSYN1 and PEPSYN2) (determinants of Valol), pCC003 and pCC006. The XbaI fragments from k clones, A2b1 ($6.0 kb), B2a2 (2.5 and 3.5 kb) could be hybridised with the pCC001 fragment (Pro) probe ( Fig. 5(a) lower part) and clones E16a1.1 (3.2 kb), E18a1.1 (3.2 kb) with the pCC006 (Aib) probe (Fig. 5(b) lower part) as expected. However, caution maybe required in respect to the absolute specificity of the probes used. As shown in Fig. 5(a) and (b), two of the probes do appear to be less specific as the Pro and Valol fragments from pCC001 and pCC002, respectively do exhibit some weak hybridisation to the Gln fragment from pCC003. To identify the nucleotide sequences containing a pes gene, clones A2b1, E16a1.1 and E18a1.1 were partially double digested with XbaI and EcoRI while B2a2 was digested with XbaI and HindIII. Whole fragments from each library clone were purified by phenol chloroform and ligated into pCR Ò 2.1-TOPO Ò vector. The ligation products were transformed into E. coli host cells to produce a minilibrary. The DNA sequence of clones that could be isolated was determined. The results are shown in Table 1 . DNA sequence results, in which the overlapping regions contained the enzyme recognition sites were observed, translated and suggested the existence of PES(s) when comparing to GenBank database. The % identity at the amino acid level of the clones relative to TEX1 [7] is also shown in this table. The localisation of minilibrary clones is identified in Fig. 6(a) and (b) .
Discussion
Non-ribosomal peptides are a group of secondary metabolites produced by fungi and bacteria. The peptaibols are a unique type being distinguished from other peptides by the presence of a-amino isobutyric acid (Aib) as one of the component amino acids. Several Aib residues may be found in a peptaibol with one associated with a proline residue at positions 13 and 14, respectively.
Peptide synthetase genes (pes), from a variety of fungi producing peptide metabolites, e.g., Claviceps purpurea and A. alternata, have been cloned and identified [19, 25] . However, to date the cloning of only one peptaibol (peptide) synthetase gene has been reported [7] . Many pes genes are very large genes ranging from 12 kb to more than 60 kb and their cloning presents many challenges. To isolate the intact gene there are a variety of choices of vectors to facilitate the cloning system. The earlier reports described the cloning of fragments and assembly of a sequence. The pes gene in T. asperellum, which encodes an unknown peptaibol, has been cloned, in part, from a k phage genomic library of the fungus. A convenient strategy for cloning the pes gene was to use putative fragment(s) of the gene isolated and amplified by PCR as specific probe(s), to identify clones of interest from a genomic DNA library.
The A-domains of a pes gene determine the amino acids incorporated into the peptide metabolites. The A-domain is a member of an adenylate-forming enzyme superfamily expressed in most organisms [25] [26] [27] [28] [29] [30] which are involved in adenylation reactions via ATP hydrolysis. Within the A-domain, five core regions of DNA ( Fig. 1 ) have been identified, and these display a high degree of conservation as evidenced by sequence comparison in many pes genes [7, [18] [19] [20] [21] [22] [23] .
This information is useful as these conserved core regions which can be used to design degenerate primers for the identification of unknown A-domains of pes genes. Moreover, this conservation can be used to confirm the gene sequence that is pes. Using such primers the likelihood of isolating a specific A-domain sequence might not be possible. However, this was beneficial because of the increased chance in obtaining DNA which encodes other pes A-domains.
A pair of partially degenerate oligo-primers, called PEPSYN1 and 2, was designed based on the sequence of cores 2 and 5 of the A-domains from several microorganisms. They were especially abundant in Trichoderma spp. and sequence analysis confirmed their identity as part of a pes gene. This indicates that the primer set is specific to pes genes. Seventy percent of the DNA sequences recovered were representative of a single Adomain which raised the question whether these primers are specific to this domain or the richness of this domain in the pes gene. Later, it was found that this primer set is biased to identify the A-domain which encodes the site in PES for Pro incorporation. This evidence suggests that this pair of primers is not fully suitable to isolate a variety of DNAs corresponding to different Adomains from a pes gene. However, there appeared to be enough degeneracy to enable the recovery of some other A-domains. Furthermore, these primers could be used to isolate the original clones were effective in isolating fragments of a similar size from other fungal species known to produce non-peptaibol NRPs (C. Chutrakul, unpublished data), however, the genes which encode the synthesis of these peptide would most likely have very different restriction patterns. The gene fragments isolated by PCR could be used as hybridisation probes in the screening of a genomic library. The probes proved to be specific, showing in a few instances some weak hybridisation to each other (Fig. 5) . These weak signals reflect a degree of sequence similarity, possibly confirming other observations on the hybridisation of 24-mer nucleotides to fungal genes [31] [32] [33] .
The significance of the A-domains as the determinants of the amino acid incorporation into the peptide sequence resides in a specific-conferring sequence [26, 34] , for each amino acid. This is formed from a group of 10 amino acids in the PES and encoded by short DNA sequences at diverse positions within the A-domain codons. Translation of these specific-conferring sequences to DNA sequences enabled the identification of the encoding of A-domains by the four clones that have been isolated from one or more pes genes in T. asperellum. Attempts to confirm the functionality of the putative pes gene fragments by gene disruption using the hygB gene [35] proved unsuccessful probably because a complete or large region of a specific pes gene from T. asperellum was not available. Although we know that this fungus has the ability to synthesise the peptaibol, trichotoxin, it is possible that like other species of this genus it can produce other types of these peptides. It could be therefore that the gene fragments cloned in our laboratory are part of a gene which encodes an as yet unknown peptaibol.
